The mineral zircon, ZrSiO 4 , belongs to a class of promising materials for geochronometry by means of thermoluminescence (TL) dating. The development of a reliable and reproducible method for TL dating with zircon requires detailed knowledge of the processes taking place during exposure to ionizing radiation, long-term storage, annealing at moderate temperatures and heating at a constant rate (TL measurements). To understand these processes one needs a kinetic model of TL. This paper is devoted to the construction of such a model. The goal is to study the qualitative behaviour of the system and to determine the parameters and processes controlling TL phenomena of zircon. The model considers the following processes: (i) Filling of electron and hole traps at the excitation stage as a function of the dose rate and the dose for both (low dose rate) natural and (high dose rate) laboratory irradiation. (ii) Time dependence of TL fading in samples irradiated under laboratory conditions. (iii) Short time annealing at a given temperature. (iv) Heating of the irradiated sample to simulate TL experiments both after laboratory and natural irradiation.
Introduction
Ionizing radiation from natural radioactivity produces free charge carriers in non-conducting solids, which are partly trapped in the crystal lattice at crystal defects and/or impurities. Luminescence is caused by the stimulation of trapped electrons/holes from metastable energy levels (which are associated with defects and impurities),and their subsequent recombination at particular ions followed by light emission. The latent luminescence builds up with the passage of time, since trapped charge carriers accumulate with time. Controlled measurement of the intensity of the luminescence can be used for dosimetry or dating, i.e. for the determination of the time elapsed since the luminescence was last drained from the sample. The dating 'clock' resetting occurs each time the minerals in sand, silt or pottery are heated or exposed to sunlight. This dating technique is now widely used as a chronological tool in geological and archaeological studies.
Zircon, ZrSiO 4 , belongs to a class of minerals, which exhibit luminescence after exposure to ionizing irradiation. Zircon is a very promising dating medium, because it is found around the world in many different types of sediment. Zircon has been widely studied because of several important applications including geochronology and immobilization of radioactive nuclear waste materials. In the early 1970s investigators established (see, for example, [1] [2] [3] [4] [5] [6] [7] ) that zircon can be used for TL geochronometry. But later more attention was given to TL of quartz and optically stimulated luminescence (OSL) dating with quartz and feldspars [8] [9] [10] [11] [12] (see also [13] and references cited therein).
Most zircon crystals contain trace amounts of uranium and thorium, which irradiate the material internally at dose rates much higher than those from external sources. It is important for dating purposes that zircon is irradiated internally, whereas quartz is irradiated by external radiation sources, which depend both on time and on the detailed properties of the location, and hence cannot be reliably determined. During an internal alpha-decay event the energetic recoil atom produces a displacement cascade of about 1000 atoms and the alpha particle produces several hundred isolated atomic displacements. At high radiation doses zircon becomes heavily damaged, or even sometimes amorphous (metamict), as shown by diffraction experiments [14, 15] . The main obstacle to the development of a zircon TL dating methodology is that zircon grains are often inhomogeneous and zoned [16, 17] , which affect their luminescence properties. Zircon grains in sediment deposits vary in colour from transparent and colourless to pink, blue, violet, very dark and black. The luminescence properties of the grains reveal enormous variations as well. Any effort to develop a reliable TL dating method for zircon has to be aimed on improving the homogeneity of the sample. Extracting zircon grains from the sediment is not sufficient. Special techniques have been developed to select homogeneous grains of high optical quality [18, 19] .
There is another crucial problem. To develop a reliable dating method we need clear knowledge about the underlying physical processes taking place in zircon during the excitation stage, post-irradiation treatments and TL measurements. Experimentally, zircon displays a TL signal with a complicated spectral distribution, as well as a complex temperature dependence and fading behaviour. It is clear that to understand the peculiarities of zircon luminescence and to assess the feasibility of zircon for dating one needs a kinetic model of the processes taking place prior to and during the TL measurements. In a short communication [20] presented at the 11th International Conference on Radiation Effects in Insulators we have proposed such a model and offered a set of rate equations in order to describe: (i) the kinetics of filling of electron and hole traps during the excitation stage, (ii) the behaviour of the trap system during long-term storage at ambient temperatures or annealing at moderate temperatures, and (iii) the TL stage of the dating methodology.
Turkin et al [20] contains only a brief summary of some tentative results related to the kinetic model of zircon TL. The purpose of this paper is to give a detailed description of the model, allowing the reader to reconstruct the logic behind the model and reproduce the results. In this paper, we will continue the investigation of the model and simulate real experiments. In the next section we will introduce and discuss the simulation model. We will describe how we have chosen the values of the parameters for the numerical calculations. Our simulation includes: the excitation stage during natural and/or laboratory irradiation, the redistribution of the charge carriers over the available traps (time-dependent fading) and the TL measurements. Glow curves and 3D TL emission spectra are simulated and compared with the experimental data for TL fading. The saturation and annealing behaviour of the concentrations of filled traps is considered in the framework of the proposed kinetic model and compared with the EPR data obtained for the natural zircon, which had been irradiated with a 0.5 MeV electron accelerator.
A comprehensive consideration of the scenarios associated with the dating methodology, based on the zircon TL, will be published elsewhere 4 [21] .
The model

Assumptions of the model
The model is based on the well-known descriptions of thermoluminescence (TL) in materials (see for example [24] [25] [26] ). The energy absorbed from the ionizing radiation (external or internal) creates free electrons and holes in the electronic system of the material, which participate in the following processes:
• Trapping by luminescent centres (LCs). An impurity ion of a particular type can form a bound state with a free charge carrier (electron or hole). When the charge carrier of the opposite sign arrives to this filled trap, it recombines with the previously trapped charge, which results in the emission of a photon (radiative recombination). The property required to emit photons depends on the type of the impurity ion.
• Trapping by non-radiative centres. Free charge carriers can form bound states not only with LCs, but also with other various ions/molecular ions, the nature of which is frequently unknown. When the charge carrier of the opposite sign arrives to that filled trap, it recombines with the previously trapped charge, but the released energy dissipates without emission of photons (hence, these centres are called non-radiative).
• Mutual recombination. Free charge carriers of opposite signs can recombine in the matrix without trapping by LC and non-radiative centres.
• Recombination with defects of opposite charge at trapping centres (both radiative and non-radiative).
• Thermally activated eviction of electrons and holes from traps. A trapped electron/hole forms a bound state with a trapping centre. The binding energy of this state determines the lifetime or the disintegration probability of the bound state. The disintegration probability increases with increasing temperature.
• Redistribution of electrons and holes between traps and LC due to thermal excitation into conduction and valence bands. Charge carriers, which are produced in the system due to thermally activated eviction from filled traps, can be retrapped by all other empty traps (i.e. both LCs and non-radiative centres). To keep in the model a minimum number of hypothesis it is assumed that electron and hole traps do not interact directly, i.e. there is no direct energy exchange between them. The traps are distributed randomly in the lattice without any spatial correlation. They interact only with free electrons and holes.
The terminology and possible transitions used in the model are shown in figure 1 . 
We call Tb 4+ and Dy 4+ ions hole-type luminescence centres. In each recombination event of an electron with a hole trapped by LC there is a certain probability that a photon is emitted
In addition to Tb 3+ and Dy 3+ centres, we have introduced into the model a third type of LC, which are called background centres. Experimentally at low temperatures, a rather broad distribution of emission wavelengths in the TL spectra is observed in the range 300-500 nm ( figure 2(a) ). We have found that the shape of this broad emission peak depends on the geological location from which the zircon samples were taken, while the position and shape of peaks due to Tb 4+ and Dy 4+ ions are well defined. We attribute the broad emission peak to some background LCs (Bgr centres). The nature of these centres is uncertain. Various impurities might be involved, the concentrations of which may depend on the history of the sample. The radiative recombination of the holes released from the shallow traps with electrons trapped at other centres and vice versa might contribute to this broadband TL-signal. For simplicity we include in the model only one type of Bgr LC and assume that below that the Bgr centres are b a°F igure 2. 3D TL emission spectra of a trail ridge sample after one day of fading (a) and glow curves for different fading times (b).
hole-type luminescence centres with a fixed trap depth. Their behaviour is similar to Tb and Dy ions.
where n+ denotes a hypothetical charge state of Bgr centres. We have found that the above mentioned three hole-type radiative centres are sufficient to describe the fading experiments. The Tb 3+ centres are assumed to be deep traps for holes, while the Dy 3+ centres are shallow hole traps. The Bgr centres are shallow traps for holes, because the TL intensity associated with these centres and the TL signal from Dy 4+ disappear at approximately the same temperature 5 . The remaining centres, denoted in figure 1 by N i and M k , are non-radiative. The nonradiative centres form two 'reservoirs', in which electrons and holes accumulate, depending on the trap type, by capturing these charge carriers during irradiation (excitation stage). During heating of the sample, luminescence occurs as a result of radiative recombination of electrons released thermally from occupied non-radiative centres with holes trapped at luminescence centres. The non-radiative electron traps have a rather wide and continuous distribution of binding energies (trap depth), otherwise one would observe narrow glow curves corresponding to electron traps with well defined binding energies instead of a broad tail-like feature ( figure 2(b) ). For symmetry reasons we take into account the effects of non-radiative hole traps distinct from radiative hole traps. As will be shown, shallow non-radiative trapping centres play a very significant role in the fading behaviour of TL from samples subjected to (high dose rate) laboratory irradiation.
Rate equations
The rate equations [20] describing the charge transfers shown schematically in figure 1 are similar to the rate equations of bimolecular chemical reactions. The concentrations of free electrons, which had been exited into the conduction band (n c ), free holes in the valence band (m v ), occupied non-radiative electron trapping centres (n i ) and occupied radiative and non-radiative hole trapping centres (m k ) change with time in accordance with the following equations
We do not write down the equations for the LCs separately, because the structure of the equations for hole traps is the same. Here, the subscript k refers to Tb (k = 1), Dy (k = 2), Bgr (k = 3) and non-radiative centres (k = 4, . . . , kp).
Typically, during a TL experiment the sample temperature T is increased at a constant rate dT dt = β.
The nomenclature is similar to the one commonly used in the literature: n and m refer to electron and holes, respectively. All concentrations are dimensionless and defined per lattice site. In equations (3)- (7), N i is the total concentration of electron traps with energy
is the electron detrapping rate, s e is the frequency factor for trapped electrons, k B is the Boltzmann constant, M k is the total concentration of hole traps with energy E p k , k = 1, . . . , kp (k = 1, 2, 3 are reserved for Dy-, Tb-and Bgr-LCs, respectively),
is the hole detrapping rate, s p is the frequency factor for trapped holes, n c is the concentration of free electrons, n i is the concentration of traps occupied by electrons, m v is the concentration of free holes, m k is the concentration of traps occupied by holes, K is the production rate of electron-hole pairs per lattice site (ionization rate), and β is the heating rate during TL measurements.
The remaining parameters in the equations given above are the rate coefficients for trapping and recombination. The rate coefficients (transition probabilities) have the following meaning: α is the direct recombination of free electron and holes, A N is the electron trapping by empty electron traps, A m is the electron recombination with the hole trapped by hole traps, B M is the hole trapping by empty p-traps, B n is the hole recombination with the electron trapped by the electron non-radiative LC. For simplicity it is assumed that transition probabilities A and B do not depend on trap numbers i and k.
The physical meaning of the different terms in the set of equations can be explained conveniently by using the equation (3) The intensity of the luminescence is defined here as the rate with which photons appear per lattice site. When we ignore the internal optical absorption, the intensity is equal to the recombination rate of electrons with holes trapped by LCs, i.e. a fraction of the energy released in one recombination event is transformed into a photon
In the case of a TL experiment with a constant heating rate, the intensity of the luminescence depends on the time or the temperature (equation (7)). The intensity of the luminescence can be analysed in terms of the luminescence spectra of the active species, if the probability i (λ) (i = Tb, Dy, Bgr) for LCs to emit light with wavelength λ is known
The integral intensity (total number of photons) emitted during the TL experiment as a function of irradiation dose φ is given by
where t T L is the duration of the TL measurements, I (t, λ, φ) is the spectral distribution of the TL intensity (9) at a given dose φ, which is usually plotted in the form of a 3D TL picture. The glow curve is defined by the function
Because the time and the temperature during TL measurements are related by
is usually plotted as a function of temperature, the acquired dose being a fixed parameter.
The set of equations are well suited to consider the kinetics of charge transfer between traps during irradiation and heating. To describe the bleaching processes during exposure to light (optical bleaching) additional terms can be incorporated into the set of equations. It is therefore possible, in principle, to simulate OSL during exposure to light by the introduction of wavelength-dependent excitation probabilities.
In the next step we will specify the parameters used for our numerical simulations of the processes taking place during radiation-induced excitation, fading and the TL experiment.
Model parameters
The parameters presented in table 1 can be grouped into two categories: the fixed parameters that were not changed and fitting parameters, such as the concentrations and energies of TL centres and the energy distributions of the hole and electron traps.
The rate of production of free electrons and holes is defined per lattice site. This rate under natural conditions depends on the concentrations of radioactive impurities and their decay rates. In the present paper it is assumed that natural irradiation generates approximately one electron per second in zircon grains with a diameter of 120 µm, which corresponds to the ionization rate K Nat (table 1) . Here, it is also assumed that 2 days of laboratory irradiation corresponds to the natural dose acquired in about 9.4 × 10 4 years. The time of the laboratory irradiation indicated in the table 1 corresponds to a real irradiation using a 127 Cs γ -source, with a dose rate of 2.57 Gy min −1 and a total dose of 10 kGy [6]. The rate coefficients α, A N , A m , B M and B n for trapping and recombination are frequently defined as the product of the carrier thermal velocity and the interaction cross-section of the trapping centre (divided by atomic volume if concentrations are defined per lattice site). These coefficients can also be estimated as the rate of diffusion-controlled bimolecular reaction. According to [27] , the reaction rate constant α i j between species i and j is given by
where D i and D j are the diffusion coefficients, r i j is the distance of closest approach between species i and j and ω is the mean volume per lattice site. Let us estimate, for example, the rate coefficient A n
where r trap is the trapping distance, e is the elementary charge. and µ e is the electron mobility connected with the diffusion coefficient D e by the Einstein relation. The typical order of magnitude of µ e in crystalline semiconductors at room temperature is 10
. If we use for r trap the mean radius of the atoms in zircon and the estimate for µ e = 10 −2 m 2 V −1 s −1 , we obtain from (13) A n = 4.2 × 10 16 s −1 at room temperature. For simplicity, similar to other models (developed, for example, for quartz [12] ), the rate coefficients are assumed to be temperature independent. This can be justified by the fact that the major temperature effects come from thermally activated detrapping described by the factors ν e, p . As a first step in the development of the model the electron trapping coefficients are assumed to be the same for all traps (table 1) . A more detailed description is not possible at present. The hole trapping coefficient is taken to be smaller than that for electrons because the mobility of the holes is usually smaller than the electron mobility. We checked the sensitivity of the model to changes in α e, p . It turned out that the simulation results (the shape of glow and annealing curves, as well as fading behaviour) are insensitive to changes in α e, p by several orders of magnitude, provided that α e, p fulfill the conditions
The physical reason is that under these conditions the trapping of free charge carriers occur very quickly (see equations (16) below), therefore the TL is controlled by the detrapping rates ν e, p . In other words, thermally activated detrapping acts as a bottleneck in the TL process.
Parameters of electron and hole traps
The concentrations of the TL centres and the energy distributions of the hole and electron traps were deduced from experimental data and the corresponding simulation results. The model parameters were varied systematically to obtain a good fit to the available experimental data. For parameter selection the emission spectra of Trail Ridge (Florida, USA) samples were analysed, which had been exposed to γ -irradiation with high dose rate followed by fading at room temperature (i.e. storage in the dark) [6] . For samples with fading times of less than four weeks, at low temperatures (100-200
• C) the spectra are dominated by two narrow peaks due to Dy 4+ superimposed on an unknown, unresolved emission band; at temperatures T > 200
• C only a six-line Tb 3+ signal is present (figure 2). Since both Dy 3+ and Tb 3+ are hole traps and are expected to have similar TL properties, in order to explain the difference in their luminescent behaviour it is reasonable to assume that:
(i) the atomic concentration of Tb is less than the corresponding value for Dy, which is confirmed by measurements of the rare-earth element concentrations using laser ablationinductively coupled plasma-mass spectroscopy ions (figure 2), which are thermally stable and can be transformed into Tb 3+ ions only by recombination with electrons released from non-radiative electron traps.
Another important experimental fact is that the well-defined low-temperature TL peak at T < 200
• C decreases during fading at room temperature and it ultimately disappears completely ( figure 2(b) ). This observation cannot be explained simply by the thermal eviction of holes from the active Dy 4+ centres, otherwise after storage in the dark one would observe in this temperature range a high peak associated with recombination of electrons with Tb 4+ ions. In order to account for the disappearance of low-temperature peaks in the glow curve during fading ( figure 2(b) ), we have to assume that after (high dose rate) laboratory irradiation there are a lot of electrons in the system which have been trapped by shallow traps, and which can be released very easily during heating, giving rise to a high TL intensity at low temperatures (100-200
• C). Mathematically this implies that the energy distribution of the electron traps has a peak at about 1 eV below the bottom of the conduction band ( figure 3 ). During storage in the dark the electrons, which are released from these traps, are detrapped at a very low rate; they look for deeper traps or recombine with holes, i.e. the amount of 'fuel' for lowtemperature TL decreases with time, which is recorded as fading of the low-temperature TL. Since the fraction of occupied shallow traps is determined by the balance between the filling rate (ionizing irradiation) and thermal excitation rate, one should expect a very low occupancy of the shallow traps during natural irradiation; hence, no low-temperature TL peaks.
Even though the studied zircon samples were optically transparent (not heavily damaged or metamict), above 200
• C the emission from Tb 3+ ions is continuous rather than peak-shaped (figure 2). Such a behaviour indicates that during TL the filled electron traps release electrons continuously. This implies that the energy distribution of the depths of the electron traps should be wide. Traps with a well defined trap depth release electrons in a certain temperature interval, giving rise to a narrow TL peak. The observed continuous emission from Tb 3+ ions can be regarded as a superposition of individual TL peaks. The distribution functions of the depths of the electron and hole traps and their total numbers, which were used in the numerical simulation, are shown in figure 3 . The shape of the distribution functions was taken in the form of the sum of two Gaussian distributions, which correspond to the populations of the shallow traps and the deep ones. These distributions were adjusted to reproduce the glow curves and the fading behaviour observed experimentally. It does not make sense to consider traps with trap depths less than 0.75 eV, since the time period required for thermal excitation of the electrons/holes from these traps, 1/ν e, p , is less than 0.3 s at room temperature. Simulations have shown that the results are more sensitive to changes in the distribution function of electron traps than to changes in the distribution function of hole traps.
The emission spectra of the Tb, Dy and Bgr LCs were deduced using the experimental data on TL fading obtained for Trail Ridge (Florida, USA) samples and using the spectral distributions of the relevant TL components given by Iacconi and Caruba [29] . Figures 4(a) and (b) show the emission spectra for the sample after one day of fading. These spectra were approximated by analytical expressions (figures 4(c) and (d)) and then used in the calculations of 3D TL emission spectra. The low-temperature spectrum has been decomposed into a Dy spectrum and a Bgr contribution. The spectra shown in figures 4(c) and (d) are normalized to unity, i.e. they represent the corresponding probabilities (λ) dλ to emit photons with wavelengths in the interval λ, λ + dλ.
Results of numerical simulations
Method
The energy distributions of the hole and electron traps, presented in figure 3 , were replaced by groups of discrete energy levels. The number of traps within a group depends on the spacing between levels Ee, E p and the distribution functions, the trap depths of the electron and the hole traps
For the spacing between the levels we have used Ee = 0.018 eV and E p = 0.02 eV. A small spacing between successive energy levels guarantees that glow peaks due to electrons coming from different traps to recombine with a hole trapped at a LC will overlap, producing smooth glow curves, just as observed experimentally. The total number of coupled equations solved simultaneously is 193.
Inspection of the kinetic equations shows that the timescales of the concentration variations differ enormously. The concentrations of the free charge carriers change very rapidly with time and they adjust quickly to the current concentrations of the traps. When the system is far from saturation (N i n i and M k m k ) the timescales of the variations of n c and m v are given by
The timescales of the variations of the concentrations of the occupied traps, 1/ν e i and 1/ν p k , depend on the trap energy and the temperature. Consequently, they change in a wide range, from small fractions of a second to many hundred years. Mathematically this means that our set of equations is stiff. Stiffness occurs in a problem when there are two or more very different scales of the independent variable on which the dependent variables are changing. The general problem of stiff equations is that we are required to follow the variation in the solution on the shortest timescale to maintain the stability of the integration, even though accuracy requirements allow a much larger stepsize. Several methods have been developed to treat such systems [31] [32] [33] . The method used in this paper to solve the initial value problem for our set of ordinary differential equations is an implicit Runge-Kutta method of the order of five with an adaptive stepsize [33] . In addition to an intrinsic error control of the algorithm, the accuracy of the calculations is controlled by checking the charge neutrality, which is defined as the relative error in the determination of the total charge of the system:
The total charge of the system must be equal to zero. Throughout all simulations presented below, the value of Q rel was always several orders of magnitude smaller than the relative error tolerance of the algorithm, which was preset to 10 −7 .
Natural irradiation with low dose rate
Kinetics of charge separation.
In this section we will present the results of simulations of natural room-temperature irradiation experiments of a sample 'characterized' by the material parameters given in table 1. Figure 5 (a) shows the kinetics of the charge accumulation in non-radiative traps. It is seen that the shallow traps (with trap depths less than 1.3 eV) saturate very early. Their contribution to distribution functions is small ( figure 5(b) ). The time dependence of the concentrations of the active Tb 4+ and Dy 4+ centres is shown in figure 6 . Because of the small trap depth, the population of the Dy 4+ luminescence centres saturates after ten years of natural irradiation. Only a very small fraction, less than 10 −5 , of all Dy 3+ ions is occupied by holes. Since the trap energy for the Bgr LC is the same as for Dy 3+ ions (table 1) , the occupancy of the Bgr centres is the same as for Dy 4+ centres. During natural irradiation the concentrations of the free electrons and holes are extremely small, less than 10 −20 ppm, because free defects, generated by irradiation, are trapped very rapidly by the available electron and hole traps.
Simulation of TL experiments after natural irradiation (natural TL).
Here we present the results of a simulated TL experiment with a sample prepared as described in the previous section. The sample was heated at a constant heating rate β from 20 to 500
• C. It was found that at temperatures below 100
• C all processes in the trap system are very slow. As expected, the concentrations of filled traps of both types decrease with time (or with temperature, since T = T 0 + βt), whereas the concentration of free carriers increases ( figure 7 ). There is a small increase in the occupancy of Tb luminescence centres at about 300
• C due to a redistribution of the holes between traps with different trap depths. Figure 8 shows the glow curves and the total TL intensity as a function of the age of the sample. Note the deviation from the linear behaviour for low doses in the plot showing the dose dependence of total intensity ( figure 8(b) ). According to figure 8(c) some traps may capture electrons, which are evicted thermally from other traps. However, the temporary increase in the occupancy of these traps does not influence the shape of glow curves. As will be seen in the next section, the redistribution of the electrons and holes over the available traps plays a more important role during fading and TL measurements after laboratory irradiation with high dose rates.
Laboratory irradiation
In order to compare the simulated results for laboratory irradiation with those obtained for natural irradiation, the same material parameters were used to simulate the laboratory irradiation for 2.7 days at room temperature. The dose rate of the laboratory irradiation is a factor of 10 7 higher than during natural irradiation (table 1) . Therefore, as can be expected, the detailed balance in the trap system shifts towards higher occupancies of the shallow traps (compare the shape of distribution functions shown in figures 5(b) and 9). The distribution function for the occupied electron traps exhibits a peak, which will contribute to the luminescence between 100 and 200
• C during the simulated TL experiment. The model calculations have shown that the accumulation of the occupied traps is approximately linear with time, i.e. the system is far from saturation for the chosen set of parameters. The fractions of the Dy, Tb and Bgr centres, which are occupied by holes, are the same.
After the simulation of the laboratory irradiation the fading process was simulated during a period of 1000 days. A considerable redistribution of electrons and holes between the traps is observed ( figure 10 ). It is seen that electrons and holes are released from shallow traps and captured by deeper traps. As a result the concentrations of the active LC change dramatically, especially after prolonged fading (figure 10). The concentration of the Tb 4+ centres increases at the expense of the holes released from shallow traps, while the Dy 4+ centres decompose thermally.
Comparison of model predictions with experimental data
Simulation of TL experiments after fading
In this section the results of simulations of TL experiments after the laboratory irradiation and fading are presented. A considerable redistribution of electrons and holes over the available traps takes place, resulting in drastic changes in the concentrations of the active LCs. According to figure 11 the concentration of the Tb 4+ centres increases at the expense of the shallow nonradiative traps, the Dy 4+ and the Bgr centres. A thermal generation of free electrons and holes is observed in the system during heating at temperatures higher than 100
• C ( figure 12(a) ). This leads to the appearance of a strong luminescence peak ( figure 12(b) ), despite the decrease in the concentrations of the Dy 4+ centres and Bgr LCs.
Let us compare the simulated results with real experimental data on TL fading of the Trail Ridge samples [6] . Figure 13(a) shows the simulated 3D emission spectra of the laboratory irradiated sample after one day of fading, which have been constructed using the emission probability functions i (λ) plotted in figure 4. The simulated glow curves are presented in figure 13 (b). One can notice that figure 13 is very similar to figure 2 depicting experimental data. The time dependence of the fading of the TL signal is plotted in figure 14 . It is seen that the simulated behaviour of zircon agrees quite well with the experimental data, especially in view of the uncertainty of the material parameters.
Kinetics of trapping centres in zircon after electron irradiation
The kinetic model described above has also been tested for various production rates of electrons and holes, and during annealing at several fixed temperatures. For the development of a reliable dating method we need information about the saturation behaviour of the trap concentrations as a function of the irradiation dose. A typical natural zircon crystal collects an internal radiation dose from the U and Th series elements of about 10 kGy during a time period longer than 10 4 years. Therefore, it is interesting to know at what dose saturation occurs. In [23] the EPR results on zircon, which had been irradiated to various doses with an electron accelerator, have been presented. Figure 15 shows the numerically calculated dose dependence of the Tb 4+ concentration in zircon together with the intensity of the Tb 4+ EPR lines. It is seen that the saturation of the Tb 4+ concentration starts at a dose of about 100-150 kGy. The solid line represents the numerically calculated dose dependence of the Tb 4+ concentration in zircon. The maximum number of filled Tb traps was found to be about 55-60% of the total number of available Tb impurities.
In [23] a series of the annealing experiments for some of the paramagnetic centres have been carried out at different temperatures. The model described above was used to explain the (1) irradiation of the sample with a production rate of K Acc (see table 1 ) for 15 min, (2) fading for 3 h at room temperature to imitate the real situation when some time interval exists between the irradiation of the sample and the measurements, (3) heating of the sample from room temperature to the annealing temperature at a rate β a , (4) annealing for 30 min at a fixed temperature. The SiO 3− 2 centres were found to be the least stable ones of the paramagnetic class of radiation-induced defects [23] . In figure 16 we show the time dependence of the EPR intensity of the SiO 3− 2 centres during annealing at 70 and 80
• C. The model calculations for the time dependence of the concentration of hole traps with E p = 1.12 eV yield a good fit to the EPR data for the SiO 3− 2 centres ( figure 16 ). The annealing behaviour of SiO 3− 2 centres cannot be described by a simple exponential law, which is associated with one single, well-defined shallow trap. This means that different centres are involved in the annealing processes or different types of paramagnetic defect contribute to the EPR intensity in the temperature interval of the annealing experiment. As we have shown in previous sections, our interpretation is that the evolution of distributions of electron and hole b a°F igure 13. Simulated 3D TL spectra for the Trail Ridge (Florida, USA) samples [6] after laboratory irradiation followed by one day of fading (a) and glow curves for different fading times (b). The data were normalized to corresponding maximum intensities after one day of fading. 2 EPR line, which is proportional to the concentration, versus the annealing time. The symbols show the experimental EPR intensity observed after annealing at different temperatures. The curves correspond to the simulated results for the concentration of the filled hole traps after annealing, using a fitted trap depth E = 1.12 eV.
behaviour of the trap system of zircon as a whole, rather than detrapping of holes from traps of single type. One can hardly expect to observe a simple exponential annealing behaviour for a system containing a broad distribution of trap depths. In fact the annealing curves represent the full history of the sample including excitation stage,fading and transient processes between different types of treatments. To illustrate this we present the time dependence of the concentration of different filled electron and hole traps (figure 19). Each curve corresponds to a trap with a fixed energy. It can be seen that some traps decompose thermally while the concentrations of other ones increase due to retrapping. It should be noted that the model parameters used here to explain the annealing results are the same as those used to describe TL fading. This is surprising and, at the same time, very encouraging. It demonstrates the potential advantages of these simulation studies, because with the model we are able to reproduce very different aspects of the behaviour of complex defect systems such as natural zircon. From a practical point of view this implies that the model might play an important role in the dating methodology for the TL medium zircon. 
Conclusions
• A simulation model has been formulated to describe the processes related to TL of zircon including the excitation stage due to ionizing radiation, fading, annealing and TL measurements.
• A set of material parameters has been selected and adjusted to reproduce the experimental glow curves and the 3D TL emission spectra after laboratory irradiation followed by fading for up to two years. The same set has also been used successfully to describe the saturation and annealing behaviour of filled trap concentrations investigated by the EPR method.
• The model requires high concentrations of shallow electron and hole traps to explain the intense TL peaks due to Dy 4+ after laboratory irradiation. Another important assumption of the model is that Dy 3+ ions act as shallow traps for holes, whereas Tb 3+ ions are deep hole traps.
• A significant redistribution of electrons and holes is observed in the trap system during storage in the dark after laboratory irradiation, as well as during annealing and during TL. • Since the model proved to reproduce realistically very different aspects of the behaviour of a complex defect system such as natural zircon, the model can be used to design the optimum scenarios for TL dating with this mineral.
